Measles virus (MV) infects a variety of lymphoid and non-lymphoid peripheral organs. However, in rare cases, the virus can persistently infect cells within the central nervous system. Although some of the factors that allow MV to persist are known, the contribution of host cell-encoded microRNAs (miRNA) have not been described. MiRNAs are a class of noncoding RNAs transcribed from genomes of all multicellular organisms and some viruses, which regulate gene expression in a sequence-specific manner. We have studied the contribution of host cell-encoded miRNAs to the establishment of MV persistent infection in human neuroblastoma cells. Persistent MV infection was accompanied by differences in the expression profile and levels of several host cell-encoded microRNAs as compared to uninfected cells. MV persistence infection of a human neuroblastoma cell line (UKF-NB-MV), exhibit high miRNA-124 expression, and reduced expression of cyclin dependent kinase 6 (CDK6), a known target of miRNA-124, resulting in slower cell division but not cell death. By contrast, acute MV infection of UKF-NB cells did not result in increased miRNA-124 levels or CDK6 reduction. Ectopic overexpression of miRNA-124 affected cell viability only in UKF-NB-MV cells, causing cell death; implying that miRNA-124 over expression can sensitize cells to death only in the presence of MV persistent infection. To determine if miRNA-124 directly contributes to the establishment of MV persistence, UKF-NB cells overexpressing miRNA-124 were acutely infected, resulting in establishment of persistently infected colonies. We propose that miRNA-124 triggers a CDK6-dependent decrease in cell proliferation, which facilitates the establishment of MV persistence in neuroblastoma cells. To our knowledge, this is the first report to describe the role of a specific miRNA in MV persistence.
a1111111111 a1111111111 a1111111111 a1111111111 a1111111111
Introduction
Measles virus (MV) is a member of the Paramyxoviridae family, genus Morbillivirus; it is a single-stranded, negative-sense, enveloped RNA virus. The genome is comprised of~16,000 nucleotides, encoding eight proteins [1, 2] . Despite generally successful vaccination efforts, MV remains a major cause of preventable illness and death. It is generally presumed that immune-mediated resolution of an uncomplicated acute MV infection results in complete viral clearance. There is, however, a compelling body of evidence suggesting that MV can remain in the human population [3] , and, while rare, can trigger disease long after acute infection. Most well-known of these is the ability of MV to establish long-term persistent infection in the central nervous system (CNS), leading to diseases such as subacute sclerosing panencephalitis (SSPE) and MV inclusion body encephalitis (MIBE), both of which become apparent months to years after the initial primary infection [4, 5] . Measles virus persistent infection has been studied extensively [1, 6, 7] . However, to our knowledge, there is no information available regarding the role of neuron-enriched miRNAs in facilitating MV persistence.
MicroRNAs (miRNA) are a class of~22 nucleotide long, noncoding RNAs that are transcribed from the genomes of all multicellular organisms and some DNA viruses [8, 9] . Most RNA viruses, including MV, do not encode miRNAs [10] . Specific miRNAs have been implicated in diverse biological processes, including development, cellular differentiation, proliferation, apoptosis, and oncogenesis [11] . Individual miRNAs may regulate several hundred genes, and it is estimated that more than 30% of animal genes may be subject to miRNA control, underscoring the emerging importance of miRNAs mediated gene regulation [12] . Moreover, miRNAs are attractive therapeutic candidates due to their small size, lack of immunogenicity, and remarkable functional flexibility [13] .
We explored the question of whether host-encoded miRNAs are differentially expressed in MV persistently infected cells. In particular, we investigated the role of the cellular hsamiRNA-124, which we show to be strongly expressed in cells persistently infected with MV. MiRNA-124 is one of the best-characterized miRNAs in the CNS; it is abundantly expressed in differentiated neuronal cells and in tumors of neuronal origin [14, 15] .
MV acute infection of peripheral blood lymphocytes (PBL) reduces expression of cyclindependent protein kinase 6 (CDK6), causing cell cycle arrest [16, 17] . CDK6 is an important regulator of cell cycle progression, regulating the G1/S transition [18] [19] [20] . The gene encoding CDK6 is also a target for miRNA-124; thus, it is well established that miRNA-124 down-regulates the expression of CDK6 [21] [22] [23] [24] . Here, we link these findings, and show that in persistently infected UKF-NB-MV cells, compared to uninfected cells, miRNA-124 is strongly expressed, and CDK6 expression is reduced. Consequently, MV persistently infected cells exhibit slower division and sensitization to apoptosis. Similarly, miRNA-124 overexpression induces cell death in these cells, but not in uninfected UKF-NB cells. Interestingly, in cells acutely infected with the virus, we observed no increase in miRNA-124, nor reduction in CDK6, or impaired cell division. When uninfected cells were engineered to stably express miRNA-124, we attained the efficient establishment of MV persistence following acute infection.
We propose that MV persistent infection is facilitated by the down-regulation of CDK6 by miRNA-124 in neuroblastoma cells. These results might contribute to the understanding of the role of host miRNAs in inducing MV persistence in CNS derived cells, and may identify novel cellular targets to prevent or resolve persisting viral infections.
Results

Characterization of UKF-NB cells persistently infected with MV
The factors that allow highly cytopathic viruses to persist in some unique cell populations remain largely unknown. Thus, the study of the interplay between the MV and neurons during non-cytopathic infections is important both to refine our understanding of virus-host interactions, and to identify more targeted antiviral strategies to resolve persistent viral infections. To this end, we have studied a human neuroblastoma cell line [25] , persistently infected with MV (Edmonston strain). As shown in Fig 1, the persistently infected UKF-NB-MV cells showed MV P-protein (phosphoprotein) cytoplasmic staining by immunofluorescence (Fig 1A) . 4 cells/ well were seeded in 6 wells plates in triplicate. The average of cell proliferation and percentage of cell death were calculated from triplicates of three independent experiments. Averages with SEs of each point are indicated for three independent experiments, each point in triplicate. T-test was performed and significance of p<0.05 is shown (*). (E) Electron Microscopy of UKF-NB-MV cells. UKF-NB-MV cells were prepared for electron microscopy by conventional techniques. MV RNP (ribonucleoprotein) assembly particles (white arrow) and a rare instance of budding virus (black arrows) are shown in two magnifications. (F) UKF-NB-MV are more sensitive to cell death as compared to uninfected UKF-NB cells. 1.5x10 5 cells/well UKF-NB-MV or UKF-NB cells were plated. 12 hours later, cisplatin was added at different concentrations in triplicate for 48 h, and the percentage of viable cells was determined by XTT. Experiments were repeated at least three times. The percent viability of each cell type is compared to untreated cells. Averages with SEs of each point are indicated for three independent experiments, each point in triplicate. T-test was performed and significance of p<0.05 is shown (*).
MV-P and MV-M (matrix) proteins were also detected by western blot (Fig 1B) . UKF-NB-MV cells attached more loosely to the plastic, and differed morphologically from uninfected cells (e.g., a lower cytoplasm to nucleus ratio, denser chromatin, and more binucleated cells) ( Fig  1C) . UKF-NB-MV cells grew more slowly than UKF-NB cells, and had a shorter life span, as a higher percentage of dead cells were typically present in the cultures (Fig 1D) . Viral ribonucleoprotein (RNP) was detected by electron microscopy in most UKF-NB-MV cells (Fig 1E) , though we rarely detected budding particles from these cells, consistent with poor recovery of infectious virions from these cultures. This parallels findings from permissive primary mouse neurons, in which MV infection occurs, but does not result in release of infectious progeny, or neuronal loss [26] . Interestingly, the UKF-NB-MV line was significantly more sensitive to stress-induced cell death (e.g., cisplatin treatment) as compared to UKF-NB cells, consistent with the idea that MV may sensitize cells to death [27, 28] (Fig 1F) .
MiRNA-124 is expressed in MV persistently infected UKF-NB cells
To determine if host cell miRNAs expression contributes to MV viral persistence, we next compared expression levels of selected miRNAs between uninfected and persistently MVinfected UKF-NB cells, using real time PCR (qPCR) (Fig 2A) (see Materials and Methods). Of the many miRNAs that were affected, we focused on those that targeted genes involved in interferon synthesis and response. In addition, some of these miRNAs have an intriguing complementarity to MV genomic RNA or MV transcripts, suggesting a possible direct role of these differentially expressed miRNAs in viral replication. Although several miRNAs varied between the infected and non-infected cells, we chose to further investigate miRNA-124. This miRNA was expressed in the highest amounts in the persistently infected cells and is specifically related to cells from the neuronal linage. MiRNA-124 was strongly induced in the infected UKF-NB-MV cells, 100-fold by qPCR (Fig 2A) . The number of copies / cell increased from 22 ±1.7 in the UKF-NB to 3.82X10 3
±5.4x10
2 in UKF-NB-MV cells, a 176 fold increase (Fig 2B) .
Therefore, we further investigated this miRNA, especially as miRNA-124 is highly abundant in differentiated neuronal cells [14] . To confirm that our results were not due to artifacts of clonality, individual clones of UKF-NB-MV cells were isolated by limiting dilution. In Fig 2, we confirmed that three randomly chosen clones (Clone I, II and III) expressed various amounts of miRNA-124 ( Fig 2C) and MV-P (Fig 2D) . These results suggest that our observations are not due to artifacts of clonality but represent an average of the polyclonal UKF-NB-MV culture.
Ectopic expression of miRNA-124 induces apoptosis in UKF-NB-MV cells, but not in UKF-NB cells
To study the possible effects of ectopic overexpression of miRNA-124 on UKF-NB cells, UKF-NB and UKF-NB-MV cells were transiently transfected with a GFP-miRNA-124 plasmid. First, the presence of miRNA-124 in UKF-NB transfected cells was confirmed by qPCR, at three days after transfection. UKF-NB cells transfected with miRNA-124 showed equivalent amounts of miRNA-124 as similarly transfected UKF-NB-MV cells (Fig 3A) . Following transfection, overall apoptosis was determined by FACS analysis (Fig 3B and 3C ). Increased apoptosis (up to 80% on day 7) was observed only in GFP-positive UKF-NB-MV cells (Fig 3B) . This effect was not observed in cells transfected with control plasmid or in uninfected UKF-NB cells, the extent of apoptosis in UKF-NB cells remained in the range of 15-30% over time, regardless of the transfected miRNA (Fig 3C) . Thus, the extent of apoptosis was most likely due to the combination of both miRNA-124 and the presence of MV in these cells.
To confirm these results further, we FACS-sorted the GFP positive cells three days after miRNA-124 transfection (Fig 4A) . Ectopic overexpression of GFP-miRNA-124 in UKF-NB-MV caused overall cell death over time, similar to cisplatin treatment (Fig 1F) . In contrast, UKF-NB-MV cells transfected with two different GFP control plasmids remained viable and proliferated. The loss of GFP-positive UKF-NB-MV cells transfected with miRNA-124 was not due to the loss of the plasmid.
To verify that these cells were dying, we determined cell viability by the XTT assay at three different times post-transfection (Fig 4B-4E) . A significant decline in cell viability was observed exclusively in miRNA-124 over-expressing UKF-NB-MV cells (Fig 4B) . UKF-NB cells overexpressing miRNA-124 had a slower growth rate than control UKF-NB cells ( Fig  4C) . Transfection of UKF-NB-MV cells with ANTAGOmiRNA-124, which inhibits miRNA-124 (from 186-to 13-fold change; Fig 4F) , resulted in re-acquisition of rapid cell division, and reduced cell death (Fig 4D) . Since UKF-NB cells express low basal levels of miRNA-124, transfection with ANTAGOmiRNA-124 did not change the cell's growth rate ( Fig 4E) . We conclude that overexpression of miRNA-124 is not sufficient to induce cell death, but can do so in the presence of persistent MV.
Elevated miRNA-124 in MV persistently infected cells correlates with down-regulation of CDK6
Cyclin-dependent kinase 6 (CDK6) is an important regulator of cell cycle progression that enables the G1/S transition. CDK6 is also a known target gene for miRNA-124 [21] , [29] . As miRNA-124 is strongly expressed in slowly dividing UKF-NB-MV cells, we first determined whether CDK6 was concomitantly down-regulated in individual clones of UKF-NB-MV cells isolated by limiting dilution (Fig 5A, Clone I, II and III). The clones expressed various amounts of miRNA-124 (Fig 2C) , which inversely correlated with the amounts of CDK6 ( Fig  5A) .
Overexpression of miRNA-124 in uninfected UKF-NB cells also reduced CDK6 expression, implicating a direct effect of miRNA-124 on CDK6 expression levels. However, overexpression of miRNA-124 in UKF-NB-MV cells did not result in further reduction of CDK6. These cells express a very low amount of CDK6 to begin with, a level which is required for cell survival [18] (Fig 5B) , and further reduction in CDK6 expression leads to cell death (see below).
Expression of ANTAGOmiRNA-124 prevented CDK6 down-regulation in UKF-NB-MV cells ( Fig 5C) . MiRNA-124 levels were determined 72 hrs. post-transfection with the ANTAGOmiRNA-124 ( Fig 4F) . A reduction in miRNA-124 levels correlated with increased cell proliferation. The presence of ANTAGOmiRNA-124 had no effect on UKF-NB cells, as these cells normally express low relative levels of basal miRNA-124 ( Fig 5C) . To further strengthen the correlation between CDK6 reduction and establishment of persistence, we silenced CDK6 expression using si-RNA. Unfortunately, following transfection, we were not able to recover viable cells (data not shown). These results, probably reflect the fact that neuroblastoma cells are uniquely sensitive to CDK6 inhibition [18] . Nonetheless these results are consistent with our observation that expression of miRNA-124 is associated with inhibition of CDK6 expression, accompanied by a concomitant decrease in cell proliferation.
Viral infection can affect the host cell gene expression enabling persistence. Alternatively a persistent infection could be established only in predefined, receptive sub-populations of cells. (B) UKF-NB-MV and (C) UKF-NB cells were transfected with GFP-miRNA-124 (miR124), GFP-MUT-miRNA-124(Mut124), or negative control (NC), empty plasmid-GFP. Cell viability was determined by XTT assay at different times post transfection (hrs). Values were expressed as a percentage compared to the negative controls. Significance between samples was determined by T-test, and p<0.05 between samples is shown (*). Efficiency of transfection with the three plasmids was >90%. The experiment was repeated three times. (D) UKF-NB-MV and (E) UKF-NB cells were transfected with ANTAGO miRNA-124 (ANTAGO-miR124), ANTAGO scrambled miRNA-124 (ANTAGO scramble) or mock transfection reagents (N.C). Cell viability was determined by XTT at different times post transfection (hrs). The experiment was repeated three times. Significance between samples was determined by T-test, and p<0.05 between samples is shown (*). Efficiency of transfection with the three plasmids was >90%. (F) miRNA-124 silencing efficiency was tested on persistently infected UKF-NB-MV and persistently infected cell that were transfected with ANTAGO miRNA-124 or ANTAGO scrambled miRNA-124. MiRNAs relative expression was determined at 72 hrs by qPCR and expressed as the fold change relative to U6. Expression in the UKF-NB cell line was used as the reference. Three independent cDNA libraries of each cell line were tested three times each. Averages with SEs are indicated. Significance between samples was determined by T-test, and p<0.05 between samples is shown (*). Thus, we tested whether MV infection up-regulates miRNA-124 expression in UKF cells. The results show that acute infection, as determined 3 and 7 DPI at two different virus inocula, neither increased the levels of miRNA-124 (Fig 6A) nor decreased CDK6 (Fig 6B) , suggesting that the establishment of persistent infection in UKF-NB cells requires prior miRNA-124 expression, rather than its induction.
To determine the contribution of miRNA-124 to the establishment of persistence we performed stable transfections of UKF-NB cells with GFP-miRNA-124 or GFP-mutant miRNA-124 (MUT-miRNA-124) (Fig 7) . When all cells in both groups became GFP-positive, we acutely infected them with MV-Edmonston (5 x 10 3 PFU /ml, MOI = 0.005). This MOI value was determined to be the lowest that induced infection but did not kill all cells in culture. Most of the cells died after infection as expected, but the few surviving cells formed colonies, which were scored 7 and 21 DPI (Fig 7A) . At 21 DPI, there were 15-fold more GFP-miRNA-124 positive colonies as compared to control GFP-MUT-miRNA-124 cells. All persistently infected colonies were both GFP positive (transfected with either GFP-miRNA-124 or GFP-MUTmiRNA-124) and MV positive (Fig 7B) . MiRNA-124 was readily detected in pooled colonies after 21 DPI, suggesting that miRNA-124 expression is necessary for establishment of persistence (Fig 7C) . Interestingly, UKF-NB cells transfected with MUT-miRNA-124 that survived acute infection with MV, and which were initially negative for miRNA-124, became positive after 21 days (Fig 7C) . In addition the morphology of MV infected UKF-NB colonies resembled the morphology of UKF-NB-MV cells (Fig 1B) , suggesting that MV persistence is associated with miRNA-124 expression and neuronal differentiation. We conclude that cells expressing miRNA-124, by either selection or transfection, become permissive to MV persistent infection.
Discussion
While the field of miRNA's biology is expanding rapidly, few studies have explored the interrelationships between host miRNAs expression and the life cycle of RNA viruses that themselves do not express miRNAs. The role of host miRNAs in the establishment of persistence by such a virus, the MV, has not yet been investigated. Therefore in this study, we described the contribution of miRNA-124 in persistent MV infection of neuroblastoma cells. MV does not encode miRNAs in its genome, is neurotropic, and, while cytopathic in certain non-neuronal cells, can persistently infect neurons and lead to severe CNS diseases in humans, including SSPE. In neuroblastoma cells supporting MV persistent infection, the expression of miRNA-124 was augmented. This result correlated with decreased CDK6 expression, a well-described target gene for miRNA-124, resulting in slower cell division. Ectopic overexpression of miRNA-124 led to a strong reduction in CDK6 protein levels and reduced the rate of cell proliferation. Stable transfection of UKF-NB cells with miRNA-124, followed by acute MV infection facilitated the establishment of persistently infected colonies. 3 PFU/ml (7 DPI) or 5x10 4 PFU/ml, MOI 0.05 (7 DPI)). Three or seven DPI, cDNA libraries were prepared and miRNA-124 relative expression was determined by qPCR and expressed as the fold change relative to U6. Expression in the uninfected UKF-NB cell line was used as a negative control, and persistently infected UKF-NB-MV was used as a positive control. Three independent cDNA libraries were tested three times in triplicate. Averages with SEs are indicated for three independent experiments. (B) Three DPI, cell lysates were prepared. MiRNA-124 target protein CDK6 and negative control (CDK4) were detected by Western blot in uninfected (UKF-NB) cells, persistently infected (UKF-NB-MV) and acute infected UKF-NB cells (5x10 3 PFU/ml 3DPI). Experiments were repeated at least three times and quantified by densitometry analysis. A representative experiment is presented. Densitometry averages with SEs of three bands obtained from three independent experiments are indicated. Significance between samples was determined by T-test, and p<0.05 between samples is shown (*). . SSPE is a rare and chronic neurodegenerative and neuroinflammatory disease caused by MV persistent infection within the brain, in which neurons are the primary target. During SSPE, mature virions, containing antisense RNA, are rarely produced. In affected neurons in vitro, there is an accumulation of inclusion bodies containing nucleocapsids and surface proteins (H, F and M) as well as restricted release of infectious progeny and syncytia formation [35] . Within the limitations of this work, namely, one cell type and one MV strain, several similarities to persistent MV infection of neuronal cells in SSPE were observed. Persistently infected UKF-NB-MV divide slowly and produce large amounts of intracellular MV proteins, with limited production of infectious virions. To extend this findings further, beyond one cell line, to primary neuronal cells, we infected primary CD46+ hippocampal neurons from transgenic mice with MV [26] . In these cells, both the uninfected and persistently infected cells express high amounts of miRNA-124. Our preliminary data shows that MV persistent infection is readily attained in these cells without cytolysis. Thus, similarly to our results with UKF-NB-MV cells, the presence of miRNA-124 is associated with the ability of the virus to establish persistent infection.
Recently, Yis et al described the induction of three miRNAs (miRNAs 146a, 181a, and 155) in peripheral blood mononuclear cells of patients with SSPE, with no prognostic significance [36] . We examined these miRNAs in our neuroblastoma cells. Neither miRNA-146 nor miRNA-181a was detected. MiRNA-155 was increased two fold in MV infected cells (not shown); suggesting that specific miRNA expression in MV infection is cell type dependent. To our knowledge, with the exception of this report, the role of miRNAs in MV-related pathologies has not been investigated.
Several miRNAs vary between MV persistently infected and non-infected UKF-NB cells. While the contribution of additional miRNAs to MV persistent infection should be further investigated, we chose to focus on the contribution of a neuronal miRNA, miRNA-124, one of the best-characterized miRNAs in the CNS. MiRNA-124 level increases over time in the developing nervous system [14] . Furthermore, neuronal differentiation is enhanced following ectopic expression of miRNA-124 in mouse neuroblastoma cells [37] , mouse embryonic carcinoma cells, and mouse embryonic stem cells [38] as well as neuronal differentiation of postnatal neural stem cells and glioma stem cells [39] . Cyclin dependent kinase 6 (CDK6) [21] and Solute Carrier Family 16 (SLC16A1) [40] are two identified key targets of miRNA-124 in Medulloblastoma, suggesting a role for this miRNA in cell proliferation and cell cycle. Pierson et al [21] have shown that miRNA-124 is down-regulated in medulloblastoma cells, and that its target, CDK6, is overexpressed [41] . CDK6 is an important regulator of cell cycle progression regulating the G1/S transition [19, 20] . MiRNA-124 plays a key role in cancer cell proliferation and is epigenetically silenced in various types of cancers [21, 39] , and affects proliferation and motility of cancer cells by repressing ROCK2 and EZH2 [42] . We show that MV persistent infection of UKF-NB cells is accompanied by miRNA-124 increased expression, and reduced cell proliferation. Consistent with this finding, we also observed reduced CDK6 protein expression in UKF-NB-MV as compared to uninfected cells. It has been previously reported in peripheral blood lymphocytes that the MV induces G0/G1 cell cycle arrest, and also deregulates CDK/cyclin complexes essential for G1/S phase progression [16, 17] .
Here, we provide evidence that expression of miRNA-124 in neuroblastoma cells is an important molecular link between MV persistent infection, CDK6 inhibition, and reduced cell division that facilitates establishment of persistent infection.
Several miRNA genes, including miRNA-124, harbor CpG islands that can undergo methylation-mediated silencing, a characteristic of many tumor suppressor genes. For example, miRNA-124 is frequently methylated in tumors [43] . Expression of miRNA-124 is therefore dependent on demethylation of its promoter. It would be of interest to determine whether the persistently infected UKF-NB-MV cells as well as the very small, uninfected UKF-NB cell subpopulation of miRNA-124 positive cells harbor demethylated miRNA-124 CpG islands. Stress by MV infection may also contribute to modulation of DNA methylation as shown by Zhou et al [44] .
Host cell apoptosis is typically induced by acute MV infection [27, 44, 45] . Although the involvement of host miRNAs in apoptosis and viral infection has been reported for DNA viruses [46] , little is known about how host miRNAs influence infections by RNA viruses. Recent evidence demonstrates that miRNAs can also affect RNA virus replication and pathogenesis through direct binding to the RNA virus genome or through virus-mediated changes in the host transcriptome [10] . In this report, we show that neuroblastoma cells persistently infected with MV had high levels of miRNA-124. These cells were viable, but divided more slowly and were more sensitive to death (both spontaneously and upon cisplatin treatment) when compared to uninfected cells (Fig 1D and 1F) . These results seem to contradict the known role of miRNA-124 in protecting neurons from death [47] . Indeed, miRNA-124 overexpression promotes neuronal differentiation [14, 37] and reduces apoptosis in bone marrowderived mesenchymal stem cells [48] . However, apoptosis is an important factor in host defense, limiting the replication and spread of viruses [49, 50] . As a consequence, many viruses have evolved various mechanisms to inhibit or evade apoptosis, often by affecting the expression of key cellular apoptotic proteins [51, 52] . With this in mind, we interpret our results as follows; MV infection of cells (including neuronal cells) triggers a cellular response that can result in apoptosis. In turn, MV infection can persist in cells that express miRNA-124, which plays a neuron-protective role, possibly through CDK6 reduction. Ectopic overexpression of miRNA-124 tilts this tenuous balance towards apoptosis and cell loss.
Low levels or absence of CDK6 is conducive to establishment of persistence that may also be attained in post-mitotic neuronal cells, since all CDKs (except of CDK5) in post-mitotic neurons are silenced [53] . Furthermore, post mitotic neuronal cells express high miRNA-124 levels [54] . Absence of CDK6 accompanied by high levels of miRNA-124 are consistent with the ability of MV to establish long-term persistent infection in non-dividing resident CNS cells [1] . In addition elevated miRNA-124 expression may promote neuronal differentiation of neuroblastoma cells, and the differentiated state is more conducive to a persistent infection. The fact that persistently infected cells consistently express elevated miRNA-124 may reflect viral selection of cells providing the appropriate, more differentiated environment.
In the context of miRNAs expression, two possible options for RNA virus persistence can be proposed: 1. The virus infects cells and induces changes in the host's miRNAs expression profile, allowing for persistent infection. Modulation of the miRNAs machinery by RNA viruses may confer multiple benefits for viral replication and survival in host cells. Supporting evidence for this mechanism can be found in several viruses: Yeung et al, showed changes in HeLa cellular miRNAs following HIV-1 infection [55] . Interestingly, HIV-1 decreased the expression of miRNAs-17/92, favoring its own replication [56] . By contrast, Chiang et al. reported that miRNA-132 enhances HIV-1 replication [57] . Hepatitis C virus (HCV) is another example of an RNA virus that modulates cellular miRNAs. MiRNAs may determine immune evasion and the rate of viral replication. HCV infection of hepatoma cells enhances miRNAs levels, which in turn inhibit an IFN-induced antiviral protein, and therefore aids in accelerated HCV replication and viral persistence [58] . In contrast to our results with the MV, Avila-Bonilla et al, recently reported the down regulation of miRNA-124 (among other miRNAs) in Dengue virus persistently infected versus acutely infected cells [59] . 2. The virus infects a cell type that expresses particular miRNAs, allowing the virus to persist. For instance, miRNA-122 is abundant in the liver and is essential to the stability and propagation of HCV RNA [60] . The miRNA-122-HCV complex protects the HCV genome from nucleolytic degradation and from host innate immune responses. The interaction of HCV with the liverenriched miRNA, miRNA-122, represents an exceptional example of how RNA viruses can usurp host cellular machinery for their survival. HCV encodes for two binding sites in its 5 0 -UTR region for miRNA-122 [61] . Mechanistic studies have shown that binding of miRNA-122 to HCV RNA enhances RNA abundance, translation, and infectious virus production [62] [63] [64] . McQuaid et al found that MV can infect and replicate in undifferentiated and differentiated human neuronal cells [65] . To date, whether persistence occurs in particular neuronal subtypes, or at specific developmental stages is not known.
To further investigate the role of miRNA-124 in the establishment of persistence, uninfected cells were stably transfected with miRNA-124 followed by acute MV infection (Fig 7) . The presence of miRNA-124 increases cell viability following MV infection, facilitating the establishment of persistent infection. These conclusions are strongly supported by the results in Fig 7C showing that stable UKF-NB MUT-miRNA-124 cells which survived acute infection and were initially miRNA-124 low expressers, were determined to be miRNA-124 positive after 21 days, presumably by selection of rare high threshold miRNA-124 positive cell subpopulations.
We are aware that MV related neuronal diseases are most likely due to wild type viral strains and not due to attenuated viral strains. However, we demonstrated the establishment of MV persistent infection in an additional unrelated cell and a wild type MV (BGU-iPSC cells kindly provided by Dr. Rivka Ofir) which was persistently infected with a GFP-labeled MV wild type strain, IC323-EGFP (MV-GFP; kindly provided by Dr. Yusuke Yanagi). BGU-iPSCs cells are pluripotent and can differentiate in vitro into germ layers including cells expressing the neuronal differentiation marker NF68. We determined that persistent infection with the wild type virus can be attained and miRNA-124 expression is significantly increased in the infected cells (data not shown).
Non-cytopathicity is a key element of persistent viruses. Surely miRNA-124 is not the sole cellular factor that predisposes to the establishment of MV persistence, but evidence presented here shows that selected miRNAs, which may be expressed only in particular cell populations, can influence the cell cycle and overall cell viability, both of which may be important in the establishment of persistent infections. Identification of novel cellular players may afford new opportunities to resolve or prevent debilitating chronic virus infections.
Conclusions
Various factors allowing the MV virus to persist are known, yet, the role of miRNAs that favor establishment of a chronic, non-cytolytic infection by measles virus has not been studied. Here, we describe the contribution of miRNA-124 a host cell-encoded miRNAs in the development of MV persistent infection in the human neuroblastoma cell line UKF-NB (UKF-NB-MV). MiRNA-124 is strongly expressed in persistently infected cells and is abundant in normal neuronal cells. We propose that miRNA-124 limits CDK6 expression which in turn results in decreased cell proliferation, facilitating the establishment of MV persistence in neuroblastoma cells. Since, to our knowledge, this is the first report to describe the role of a specific miRNA in MV persistence.
Materials and methods
Cells and viruses
UKF human neuroblastoma cells (UKF-NB) were used in this study [25] . In addition, we used their MV persistently infected counterparts (UKF-NB-MV), developed following acute infection with the MV Edmonston vaccine strain (ATTC No VR-24). UKF-NB were kindly provided by Dr. Jindrich Cinatl, Jr., Dept. of Medical Virology, Goethe-University, Frankfurt, Germany. Aliquots of the cells were frozen. For experiments, both infected and non-infected cells were thawed and carried in parallel. Following primary infection (MOI = 0.005), cells in their 13 passage were used. The cell lines were grown in RPMI-1640 medium supplemented with 10% heat-inactivated fetal calf serum, 1% L-glutamine, and 1% pen-strep (Beit Haemek, Israel) and passaged by trypsinization.
Antibodies
The following antibodies were used: MV Phosphoprotein (P) (ARGENE); MV matrix (M) (Abcam); CDK6 (Santa Cruz Biotechnology). CDK4 (Santa Cruz Biotechnology) is a functional homologue of CDK6 that is not a target for miRNA-124. Antibodies against it serve as a negative control in Western blots. CopGFP (Enzo Life Sciences & Axxora); GAPDH (MILLI-PORE); β-actin (SIGMA-ALDRICH); anti-mouse and anti-rabbit IgG peroxidase Jackson ImmunoResearch Alexa flour1-488 conjugated goat anti-mouse and Alexa flour1-647 conjugated goat anti-rabbit (Molecular Probes Inc.). Fluorescence tags included Alexa Fluor 647-Annexin V, 7-AAD (BioLegend); DAPI (Sigma) and TO-PRO (ThermoFisher).
Western blot analysis
Total cell lysates were extracted by RIPA lysis buffer containing 10 mM Tris pH 8.0, 100 mM NaCl, 5 mM EGTA, 0.1% SDS, 1% NP-40, 45 mM β-mercaptoethanol, 50 mM NaF. Protease inhibitors (1 mM PMSF, 10 mg/ml aprotinine and 10 mg/ml leupeptin) were added immediately prior to cell lysis. Lysates were placed on ice for 30 min and sheared several times through a 21-gauge needle, followed by centrifugation at 14,000 x g for 15 min at 4˚C. Protein quantification of lysates was determined by the Bradford method (BioRad). Protein lysates (30 μg) were separated in 10% SDS-polyacrylamide gel and blotted onto nitrocellulose membranes. The membranes were incubated with several primary antibodies followed by anti-mouse or anti-rabbit peroxide-linked IgG. Protein bands were detected by chemiluminescence with ECL (Amersham).
RNA extraction
Total RNA was extracted 3 days post infection using EZ-RNA II isolation kit (Biological Industries, Beit Haemek, Israel), according to the manufacturer's protocol. Aliquots of total RNA were used directly for miRNAs quantification using qPCR or subjected to small RNA library construction.
qPCR analysis of miRNAs in different cell lines infected and uninfected with MV
The miRNAs chosen for analysis were determined as follows: host miRNAs expression profiles were compared between three different MV persistently infected cells and their uninfected counterparts (two Hodgkin's lymphoma lines and one neuroblastoma cell line) (unpublished data). An integrated bioinformatic platform, developed previously in collaboration with Rosetta Genomics (Israel) was used. This platform is based on a custom-made microarray (MIRCHIP, Agilent) on which probes for all known annotated human and viral miRNAs, as well as bioinformatically predicted host-and virally-encoded miRNAs, are arrayed. Total RNA derived from the six cell populations (infected and uninfected) was applied to the arrays, and the unbiased presence of candidate miRNAs were discerned by differential light emission. Of the many miRNAs that were affected, we focused on those that targeted genes involved in interferon synthesis and response. In addition, some of these miRNAs have an intriguing homology to MV genomic RNA or MV transcripts, suggesting a possible direct role of these differentially expressed miRNAs in viral replication. For validation, cDNA libraries were prepared from UKF-NB and UKF-NB-MV cells using miScript Reverse Transcription Kit (QIA-GEN, Hilden, Germany). Briefly, 1 μg of total RNA was poly-adenylated by poly (A) polymerase and converted into cDNA by reverse transcriptase with oligo-dT in a single step, at 37 o C for 1 hr. and 95 o C for 5 min. The cDNA libraries were used in the qPCR analysis for miRNAs using miScript SYBR Green PCR Kit (QIAGEN, Hilden, Germany) with a forward specific miRNA primer (sequences were taken from the DS analysis, Metabion Martinsried, Germany) and the miScript Universal reverse primer. Forward primers with high G/C content at the 3' end, were extended with one or two 'A' nt at their 3'-end. qPCR reactions were performed using Light Cycler 480 system (Roche Applied Science, Mannheim, Germany). The sequences of the reference genes are as follows:
miRNA hsa -124a-3p (forward primer: 5'-TAAGGCACGCGGTGAATGCC -3').
miRNA hsa-342-3p (forward primer: 5'-TCTCACACAGAAATCGCACCCG-3').
miRNA hsa-210-3p (forward primer:5'-CTGTGCGTGTGACAGCGGCTGA-3').
miRNA hsa-193a-3p (forward primer: 5'-AACTGGCCTACAAAGTCCCA-3').
miRNAhsa-let-7c-5p(forward primer:5'-TGAGGTAGTAGGTTGTATGGTT3').
miRNA hsa-26a-5p (forward primer: 5'-TTCAAGTAATCCAGGATAGGCT-3').
miRNA hsa-29a-3p (forward primer: 5'-TAGCACCATCTGAAATCGGT-3').
miRNA hsa-127-3p (forward primer: 5'-TCGGATCCGTCTGAGCTTGG-3').
miRNA hsa-133 (forward primer: 5'-TTTGGTCCCCTTCAACCAGCT-3').
miRNA hsa-152 (forward primer: 5'-TCAGTGCATGACAGAACTTGG-3').
miRNA hsa-345-5p (forward primer: 5'-GCTGACTCCTAGTCCAGGGCT-3').
miRNA hsa-361-5p (forward primer: 5'-TTATCAGAATCTCCAGGGGT-3').
miRNA hsa-361-3p (forward primer: 5'-TCCCCCAGGTGTGATTCTGAT-3').
miRNA hsa-375 (forward primer: 5'-TTTGTTCGTTCGGCTCGCGT-3').
miRNA hsa-891a (forward primer: 5'-TGCAACGAACCTGAGCCACT-3').
miRNA hsa-551b-3p (forward primer: 5'-GCGACCCATACTTGGTTTCA-3').
miRNA hsa-146a-5p (forward primer: 5'-TGAGAACTGAATTCCATGGGT-3').
miRNA hsa-99a-5p (forward primer: 5'-AACCCGTAGATCCGATCTTGT-3').
miRNA hsa -222-3p (forward primer: 5'-AGCTACATCTGGCTACTGGGT-3').
To determine the absolute transcript copy number of miRNA-124, 2X10 5 cells were seeded in 6-well plates. Following treatment, RNA was extracted, cDNA libraries were prepared (see above), and miRNA-124 copy numbers per cell were determined using qSTAR primer pairs and a commercial miRNA-124 copy number standard kit (ORIGENE).
Evaluation of apoptosis by FACS analysis
For quantitative analysis of early apoptosis, Annexin V staining was performed. Briefly, 1 x 10 6 cells were collected by centrifugation. The cells were resuspended in 1ml of binding buffer (BioLegend) and incubated for 15 min at room temperature in the dark with 10 μl of 647 Annexin V and 5 μl of 7-AAD for late apoptosis. Both early and late apoptosis values were added and presented as a single apoptosis value. Finally, cells were suspended in 400 μl of binding buffer and then analyzed by flow cytometry with a FACScan flow cytometer (Becton Dickinson) using CellQuest software.
Cell sorting of purified cell subpopulations GFP positive and negative UKF-NB-MV transfected cells were sorted sterilely with a SY3200 Cell Sorter (Sony Biotechnology, Inc.) and collected for further growth. We obtained two subpopulations: GFP positive cells transfected with GFP-miRNA-124 or GFP-control plasmids (see below). Single cell suspensions were prepared (2 x 10 6 cells in 500 µl of sterile PBS). A GFP negative control (mock-transfected UKF-NB-MV) was used to detect auto-fluorescence. The cells were collected into BD Falcon 12x75 mm polystyrene tubes coated with 4% BSA. The sorting media was RPMI-1640 supplemented with 10% heat-inactivated fetal calf serum, 1% Lglutamine, and 1% pen-strep). Cells were sorted two days after transfection where >90% of the cells were GFP positive. 30,000 cells/well of each type were collected and plated in 6-well plates.
Transfections
Hsa 124a-3p DNA constructs. We generated expression constructs in (pGreenPuro™ shRNA Cloning and Expression Lentivector, SBI) of both hsa -124a-3p and a 3' seed mutant by cloning the BamHI to EcoRI genomic fragment under the control of the H1 RNA polymerase III promoter and copepod green fluorescent protein (CopGFP) under the human cytomegalovirus (CMV) constitutive promoter. The sequences of the fragments are as follows: Hsa-124a-3p:
Mutant hsa-124a-3p (MUT-miRNA-124):
Cells were transfected with the plasmid containing the miRNA-124, the mutant MUTmiRNA-124 or with the control plasmid lacking the insert. Briefly, transfection was performed using Lipofectamine™ 2000 Transfection Reagent. Cells (1x10 6 ) were suspended in 1 ml of RPMI-1640 medium with FCS but without antibiotics, to a well of a 6-well plate 1 day before the transfection. For each well, we diluted 1.5 μg of DNA into 100 μl of medium without serum (Opti-MEM 1 ). For each well, we diluted 4.5 μl of Lipofectamine™ 2000 into 100 μl OptiMEM I Medium and incubated for 5 min at room temperature and the DNA was added for 20 min. The solution was transferred directly to the cells. The plate was gently rocked and further incubated for 4 h at 37 o C in a CO 2 incubator. Stable transfection with the same plasmids was performed as described above. Stable transfectants (UKF-NB miRNA-124 or MUTmiRNA-124) were established following selection with 1μg/ml puromycin. Transfection with the miRNA-124 antisense. Cells were transfected with the inhibitor miRNA-124 antisense (Ambion). Briefly, transfection was performed using Lipofectamine™ RNAiMAX Transfection Reagent. Cells (1x10 6 ) were suspended with 1 ml of growth medium with serum but without antibiotics, to a well of a 6-well plate (RPMI-1640 medium, with L-glutamine, containing 10% FCS) 1 day before the transfection. For each well, we diluted 30 pmol of DNA into 150 μl of medium without serum (Opti-MEM). For each well, we diluted 9 μl of Lipofectamine™ RNAiMAX into 150 μl OptiMEM1 I Medium. Once the Lipofectamine™ 2000 was diluted, it was combined (1:1 ratio) with the DNA for 5 min. The DNA-Lipofectamine™ RNAiMAX complex was added directly to each well containing cells. The plate was mixed gently by rocking back and forth. The plate was incubated for 3 days at 37 o C in a CO 2 incubator.
Immunofluorescence staining
2.5x10 4 cells were grown on glass slides (18x18 mm) and placed in wells of a 6-well plate with 2 ml growth media overnight. Cells were fixed in 4% paraformaldehyde for 20 min at room temperature. The cells were washed once with PBS, and kept in cold PBS until staining. Cells were incubated in blocking solution, 5% FCS, 0.5% Triton X-100, in PBS, for 30 min at room temperature. The cells were then incubated with the primary antibody for 2 hr at room temperature in humidified chamber. Cells were washed 3 times with PBS and then incubated with the fluorescent secondary antibody for 1 hr in the same conditions, protected from light. Cells were washed 3 times with PBS and stained with the nuclear dyes DAPI or TO-PRO for 15 min. Mounting medium (DAKO Cytomation) and a cover glass were added. The primary antibodies used were anti-P and F. For florescence detection of P, the secondary antibody was Alexa Fluor1-488 conjugated goat anti-mouse (green) and for F, Alexa Fluor1-647 conjugated goat anti-rabbit (red). Slides were kept in the dark at 4 o C until used. The cells were photographed with an Olympus Fluoview-FV-1000 confocal microscope.
Cell growth 
XTT-cell viability assay
Cell viability was measured by a tetrazolium-formazan XTT assay kit (Beit Haemek, Israel) in 96-well plates. 3×10 4 cells/well in 100 μl medium were treated with different concentrations of cisplatin (Pharmachemie B.V., Holland) for 48 hr at 37˚C. XTT solution (25 μl) was added, and the plates were again incubated for 4 hr at 37˚C. Absorbance was read at 450 nm by an ELISA reader. Similarly, this assay was also used to determine cell-viability following transfections as described above. 
Preparation of cells for electron microscopy
Measles virus infection
Acute infection of UKF-NB cells with the MV Edmonston strain: 1x10 6 cells/well UKF-NB, UKF-NB miRNA-124 or MUT-miRNA-124 transfected cells were seeded in a 6-well plate in 2 ml growth media overnight. Cells were infected with 5x10 3 PFU/ml (MOI = 0.005) for 60 min at 37 o C the plate were shaken every 15 min. The cells were then washed three times with PBS.
Two ml of growth media was added to each well and grown for several days. The samples were tested by Western blot and qPCR.
Clonal isolation by limiting dilution
UKF-NB-MV cells (0.1 ml) were seeded at a density of 10 cells/0.1 ml per well, in a 96-well tissue culture plate. The number of cells per well after 18-24 hours was assess microscopically.
The wells with only one cell were noted and on the 4th day, colonies were assessed. The clones were grown to confluence and transferred to 24 well plates for expansion. Three representative clones were further analyzed by Western blot and qPCR.
